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(54) WDM Optical communication system 



(57) An arrangement for reducing the effects of four-wave-mixing in an optically amplified wavelength 
division multiplexed (WDM) optical communication system employing dissimilar wavelength channel spacing, 
comprising means for effecting spectral regeneration of the optical signals at intervals along the system 
transmission medium. The regenerator disclosed filters cut everything except the frequencies used for 
communication. 
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WDM Optical Communication System 

This invention relates to an optically amplified wavelength division 
multiplex (WDM) optical communication system. 

Wavelength division multiplexing (WDM) in optically amplified 
communication systems is a means for achieving increased 
information capacity by combining a number of channels in parallel 
in the same fibre. It offers the following advantages. 

1. High information capacities can be achieved in a single fibre 
by combining a number of lower bit-rate channels. This means that 
the requirement for high bit-rate transmitters, receivers and 
electronics is reduced. 

2. Optical amplifiers based on erbium-doped fibres can readily 
amplify a number of wavelength channels simultaneously without 
contributing any significant cross-talk between the channels. This 
compares with semiconductor optical amplifiers (SLAs) which will in 
general contribute inter-channel cross-talk. 

3. Operating a high capacity link with WDM rather than time- 
division-multiplexing (TDM) has the advantage of showing reduced 
sensitivity to dispersive effects such as chromatic dispersion and 
polarisation mode-dispersion. This may make WDM the preferred 
approach for systems operating at >10Gbit/s (total capacity) over 
transmission distances >1 000km. 
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Two major effects are likely to limit the application of WDM in future 
communications systems. 

a) Spectral gain flatness 

In order to transmit a number of channels the system gain 
should be the same for each of the channels to allow the same 
received signal power in each channel. In general this will not be 
the case due to the natural spectral gain profile of the erbium ions 
which is not uniform. However, novel techniques can be used to 
produce a flat gain spectrum as disclosed in our co-pending 
application No. V* \£vofe.!> 

b) Fpgr wave mixing 

Four wave mixing can cause cross-talk between channels 
and excess attenuation or power loss. The effect of four-wave 
mixing can be reduced by operating at wavelengths away from the 
chromatic dispersion minimum of the fibre and by having large 
(>lnm) and uneven wavelength spacings between channels. There 
is a strong requirement however to maximise the signal input power 
into an amplified system in order to maximise the signal to noise 
ratio at the receiver end. Under these conditions there is always 
likely to be a degree of four-wave mixing and there is therefore a 
strong motivation to reduce its effects. 

In the presence of four-wave-mixing two major effects occur. 

a) If there are more than two wavelength channels then for 
particular wavelength separations the four- wave-mixing 
components can sit exactly on top of another channel. This causes 
cross-talk whereby the data in one channel is corrupted by data 
from another channel and is highly undesirable. The total number 
of new components that can be produced is given by N 2 (N-1)/2 
where N is the total number of wavelength channels. For N=3 this 
gives 9 components and for N=4 this gives 24 components. It is 
well appreciated that operating with dissimilar wavelength channel 
spacings reduces the effect of cross-talk. However, in long haul 
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systems four-wave-mixing is likely to build up such that the four- 
wave-mixing components themselves mix with the signal channels 
to produce new four-wave-mixing components. Under these 
conditions it will be almost impossible to prevent cross-talk and in 
this case it is highly desirable to remove the four- wave-mixing 
components. 

b) Generation of four-wave-mixing components also causes 
loss of energy from the signal channels and this extra attenuation is 
undesirable. However, in modem optical amplified systems this 
disadvantage is not generally considered to be limiting as the 
amplifiers can overcome this additional loss. 

It is well appreciated that four-wave-mixing in WDM fibre systems 
can be reduced by operating significantly away from the wavelength 
of zero dispersion in the fibre. This arises by virtue of the fact that 
the generation of four-wave-mixing components depends on a 
phase matching process between different wavelength channels, 
and in a wavelength region where there is substantial dispersion, 
the length scale over which phase matching can take place is 
greatly reduced. It will be possible therefore to operate in a 
wavelength region where there is significant chromatic dispersion to 
minimise four-wave-mixing. This will mean, in general, operating 
more than 10-15nm away from the wavelength of zero dispersion. 
This also implies the use of lengths of dispersion compensating 
fibre to arrive back at a net zero or close to zero dispersion 
condition for the overall link to minimise pulse broadening. 

A technique has been disclosed by K Inoue, "Reduction of fibre 
four- wave-mixing influence using frequency modulation in 
multichannel IM/DD transmission", IEEE Photonics tech. Letters, 
Vol.4, No. 11, Nov. 1992 for reduction of four-wave-mixing induced 
cross-talk based on adding frequency modulation to the wavelength 
channels in addition to the amplitude modulation. The purpose of 
the frequency modulation is to broaden the spectral bandwidth, of 
the four-wave-mixing components. The baseband electrical filter in 
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the receiver thus is able to filter out a large part of the four-wave- 
mixing induced cross-talk which now has higher frequency 
components. 

This technique however requires extra bandwidth for each channel. 

Moreover, increasing the spectral width of the channels by 
frequency modulation creates increased sensitivity to chromatic 
dispersion effects which will be disadvantageous for long-haul 
systems. An additional active modulator is required at the 
transmitter. Also the effect of substantial fibre dispersion in long 
haul systems will be to cause frequency to amplitude conversion 
effects which will degrade the bit rate error. 

According to the present invention there is provided a method of 
reducing the effects of four-wave-mixing in an optically amplified 
wavelength division multiplex (WDM) optical communication system 
employing dissimilar wavelength channel spacing, the method 
including the step of effecting spectral regeneration of the optical 
signals at intervals during the transmission of said signals in the 
system. 

The invention also provides an arrangement for reducing the effects 
of four-wave-mixing in an optically amplified WDM optical 
communication system employing dissimilar wavelength channel 
spacing, comprising means for effecting spectral regeneration of 
the optical signals at intervals along the system transmission 
medium. 

In a preferred embodiment of the invention, wherein the optical 
transmission medium is an optical fibre, means for effecting 
spectral regeneration includes an optical circulator having an input 
port, an output port and an intermediate port, and coupled to the 
intermediate port a concatenation of narrow band reflection fibre 
gratings each tuned to an individual one of the multiplexed 
wavelengths whereby the WDM optical signals including four-wave- 
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mixing products received at the input port of the circulator are 
passed to the concatenation fibre grating, and spectrally filtered 
optical signals reflected by the gratings, are passed to the output 
port of the circulator. 

Embodiments of the invention will now be described with reference 
to the accompanying drawings, in which:- 

Fig. 1 is a graphical illustration of a number of WDM signals 
in an optical communication system; 

Fig. 2 is a graphical illustration of the effects of four-wave- 
mixing between the signals of Fig. 1, and 

Fig. 3 illustrates an arrangement for spectral regeneration of 
the WDM optical signals represented in Figs. 1 and 2. 

The invention is applicable to the transmission of WDM optical 
signals in fibre systems in excess of 1000km where the WDM 
channels have dissimilar wavelength spacing. 

Fig. 1 shows a typical input spectrum to a long haul (>1 000km) 
optically amplified WDM system. Four channels are indicated as an 
example. The wavelength separation of the channels fj-fe is 
carefully chosen such that the four-wave-mixing components, which 
are produced at frequencies fj+fj-fk or 2fj-fk where i, j and k 
represent different channels, do not occur at the same frequency as 
any of the channels. After propagation through a length of fibre an 
optical spectrum similar to that given in Fig. 2 may be obtained. 
Fig. 2 shows the generation of the four-wave-mixing components. 
In order to prevent second order four-wave-mixing which will in 
general induce cross-talk, the optical spectrum is regenerated to 
that of the original by spectral filtering. The point at which it is 
necessary to do this is likely to be when the four-wave-mixing 
components are in the range -20 to -10 dB of the signal channels. 
This will probably correspond to propagation through 500- 1500km 
of fibre depending on the signal power level. The spectrally 
regenerated signal is then propagated through a further length of 
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fibre before being regenerated again and so on. 

Spectral regeneration is conveniently effected by the arrangement 

shown in Fig. 3. An input optical fibre 10 carrying the WDM 

channels is coupled to the input port 12 of an optical circulator 14. r 

The intermediate port 16 of the circulator 14 is coupled to a set of 

concatenated narrow band reflective fibre gratings 18, each tuned 

to an individual one of the optical frequencies f j-fe. The output port 

20 is coupled to output fibre 22. The arrangement is such that a 

fibre grating tuned to optical frequency fj will reflect only that 

frequency allowing all other frequencies, whether they be the other 

WDM frequencies fj-fe or the four-wave-mixing products, to pass 

through. The other gratings act in like manner at their allotted 

frequencies. Thus the only signals returned from the gratings are 

the spectrally pure WDM frequencies, all the four-wave-mixing 

products passing through the gratings to be lost. Fibre gratings are 

capable of giving very narrow reflection characteristics (<0.1nm) 

and the wavelength can be accurately specified in fabrication. 

Various configurations are known for optical circulators, that shown 

in US patent 5,204,771 being one such device. A form of optical 

circulator may also be constructed in an all fibre structure based on 

the well known fused fibre coupler. 

The technique of this invention can be used in conjunction with 
operation in a wavelength region of substantial chromatic 
dispersion in order to minimise the build up of four-wave-mixing 
components. 
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CLAIMS: 

1. A method of reducing the effects of four-wave-mixing in an 
optically amplified wavelength division multiplex (WDM) optical 
communication system employing dissimilar wavelength channel 
spacing, the method including the step of effecting spectral 
regeneration of the optical signals at intervals during the 
transmission of said signals in the system. 

2. An arrangement for reducing the effects of four-wave-mixing 
in an optically amplified WDM optical communication system 
employing dissimilar wavelength channel spacing, comprising 
means for effecting spectral regeneration of the optical signals at 
intervals along the system transmission medium. 

3. An arrangement according to claim 2 wherein the optical 
transmission medium is an optical fibre means for effecting spectral 
regeneration includes an optical circulator having an input port, an 
output port and an intermediate port, and coupled to the 
intermediate port a concatenation of narrow band reflection fibre 
gratings each tuned to an individual one of the multiplexed 
wavelengths whereby the WDM optical signals including four-wave- 
mixing products received at the input port of the circulator are 
passed to the concatenation fibre grating, and spectrally filtered 
optical signals reflected by the gratings, are passed to the output 
port of the circulator. 

4. A method of reducing the effects of four-wave-mixing in an 
optically amplified wavelength division multiplex (WDM) optical 
communication system substantially as hereinbefore described. 

5. An arrangement for reducing the effects of four-wave-mixing 
in an optically amplified wavelength division multiplex (WDM) 
optical communication system substantially as hereinbefore 
described with reference to the accompanying drawings. 



Patents Act 1977 

Examiner's report to the Comptroller under Section 17 
"Tie Search report) 



Application number 
GB 9318108.9 



Relevant Technical Fields 

0) UK CI (Ed.L) H4B (BK12C, BK16, BK18, BK16D) 
(ii) Int CI (Ed.5) H04B 



Databases (see below) 

(i) UK Patent Office collections of GB, EP, WO and US patent 
specifications. 



Search Examiner 
DR E PLUMMER 



Date of completion of Search 
27 OCTOBER 1993 



Documents considered relevant 
following a search in respect of 
Claims :- 
1, 2 at least 



(ii) Online Databases: WPI, INSPEC 



Categories of documents 
X: Document indicating lack of novclly or of inventive step. 

Y: Document indicating lack of inventive step if combined with 
one or more other documents of the same category. 

A: Document indicating technological background and/or stale of 
the art. 



P: Document published on or after the declared priority date but 
before the filing date of the present application. 

E: Patent document published on or after, but with priority date 
earlier than, the filing date of the present application. 

&: Member of the same patent family; corresponding document. 



Category 



Identity of document and relevant passages 



Relevant to 
claim(s) 



E, A 
X 
A 
A 



GB 2265059 A 
EP 0242802 A2 
US 5172260 
US 4680809 



(NORTHERN TELECOM) 
(NEC) whole document 
(FUJITSU) 
(SIEMENS) 



1, 2 at least 



Databases: The UK Patent Office database comprises classified collections of GB. EP, WO and US patent specifications as outlined periodically io the Official Journal 
(Patents). The on-line databases considered for search are also listed periodically in the Official Journal (Patents). 



g:\t7\sf2\109.SF2 



Page 1 of 1 



